INTRODUCTION {#s1}
============

Natural freshwater springs form when groundwater from an aquifer meets the land surface. Florida, USA, has one of the highest spring densities in the world, with \>700 springs located mainly in the northern half of the state ([@B1], [@B2]). These unique aquatic environments are ecologically and economically important ecosystems, serving as hubs of biodiversity and generating millions of dollars for the state through tourism ([@B3], [@B4]). Thirty-three of Florida's springs are classified as first-magnitude springs (the highest spring classification based on water discharge), each discharging upwards of 246 million liters of water per day ([@B1], [@B5], [@B6]). All first-magnitude springs in Florida are fed by the Floridan aquifer system (FAS), which keeps the water clear and thermally insulated at 23°C ([@B1], [@B2]). The FAS is one of the most productive aquifer systems in the world, providing ∼10 million people in Florida and the nearby states of Georgia and Alabama with potable water ([@B7]). While the hydrology and residence time (average ∼20 years) of the water discharged through first-magnitude springs vary, the large volume of water discharged by first-magnitude springs makes them a mirror of the aquifer and therefore useful for monitoring the health of the FAS ([@B1], [@B2], [@B8]).

The health of the FAS and of Florida's springs is impacted by anthropogenic activities ([@B9]). There has been an increase in urbanization and agricultural activity within the drainage basins that supply water to the springs, known as springsheds or spring recharge basins ([@B6]). Concentrations of phosphate and nitrate have increased dramatically in springs across the state, resulting in a decline in water quality ([@B6], [@B8], [@B10], [@B11]). Saltwater intrusion into the aquifer has become an imminent threat due to rising sea level combined with increased water withdrawals from the aquifer to meet water demands ([@B12], [@B13]). The precarious status of springs throughout Florida, combined with the necessity of these ecosystems as water supplies, emphasizes the need for comprehensive studies of physiochemical and biological parameters within the springs and FAS to provide a baseline against which to compare future conditions.

Aquifer systems host diverse microbial life and harbor a significant fraction (up to 40%) of the total microbial biomass on Earth ([@B14][@B15][@B22]). Prokaryotes play vital roles in mediating biogeochemical cycling and ultimately aid in maintenance of aquifers' water quality via removal of organic carbon, nitrates, and even micropollutants ([@B23], [@B24]). Viruses are also increasingly recognized as important members of aquatic environments, and yet only a small number of studies have looked at viruses in groundwater systems ([@B19][@B20][@B22]), which represent a reservoir of unexplored viral diversity. However, despite their significance, little is known about the naturally occurring prokaryotic communities in the FAS or its associated springs. Previous groundwater quality monitoring studies have looked for specific bacterial species in Florida's springs as indicators of potential contaminants that might have permeated the FAS ([@B25], [@B26]). There are currently no reports providing a comprehensive picture of the microbial community composition, including viruses, within these critical aquatic ecosystems.

Here, we surveyed five first-magnitude springs across the northern half of the state of Florida to describe their prokaryotic and viral community composition. Given that all of the springs are fed by the FAS, we hypothesized that all of the springs would share similar microbial communities. To investigate this, we measured basic physiochemical parameters, determined the abundance of prokaryotic cells and virus-like particles (VLPs) by epifluorescence microscopy, and sequenced 16S rRNA gene amplicons and viral metagenomes (viromes) from each spring site. This report constitutes the first description of the prokaryotic and viral communities of Florida's first-magnitude springs, providing a glimpse into the microbial communities that inhabit the Floridan aquifer. In contrast to our hypothesis, both chemical and microbial analyses indicated that each spring site is unique, likely due in part to distinct land usage patterns in groundwater recharge zones.

RESULTS {#s2}
=======

Spring physiochemical characteristics. {#s2.1}
--------------------------------------

The vent outflow waters of five first-magnitude springs (Ichetucknee, Jackson, Manatee, Rainbow, and Volusia Springs) were sampled during May and June of 2017 ([Fig. 1](#fig1){ref-type="fig"} and [Table 1](#tab1){ref-type="table"}). All five springs are fed by the Floridan aquifer and exhibit similar temperatures ranging from 21.2 to 25.4°C. Large variations were measured for several of the physiochemical parameters. Nitrate concentrations ranged from 23.1 μM at Volusia Springs to 230.9 μM at Jackson Springs ([Table 1](#tab1){ref-type="table"}). In contrast, Volusia Springs had the highest phosphate concentration (1.30 μM), an order of magnitude greater than that measured in Ichetucknee Springs, the site with the lowest phosphate concentration (0.12 μM). Rainbow Springs had the lowest conductivity (146.8 μS cm^−1^) and highest pH (8.33) and dissolved oxygen (DO; 83.3%) levels of the sites, while Manatee Springs represented the opposite end of the spectrum, with the highest conductivity (504.0 μS cm^−1^) and lowest pH (7.33) and dissolved oxygen (14.0%) levels.

![Map showing the location of investigated springs and the estimated land usage profile around each spring based on the inferred recharge zone. Data are from the Florida Department of Environmental Protection (DEP). This figure was made using ArcGIS ([@B85]).](mBio.00436-20-f0001){#fig1}

###### 

Dates of sample collection and available metadata from each spring site[^*a*^](#ngtab1.1){ref-type="table-fn"}

  ------------------------------------------------------------------------------------------------------------------------------
  Spring\       Collection\   Temp\   pH     Turbidity\   \% DO   Conductivity\   Nitrate\   Nitrite\   Ammonium\   Phosphate\
  site          date          (°C)           (NTU)                (μS/cm)         (μM)       (μM)       (μM)        (μM)
  ------------- ------------- ------- ------ ------------ ------- --------------- ---------- ---------- ----------- ------------
  Ichetucknee   30 May 2017   25.4    7.67   3.8          43.6    327.9           28.5       0.06       1.10        0.12

  Jackson       1 June 2017   21.2    7.70   3.1          35.7    270.5           230.9      0.13       8.75        0.30

  Manatee       5 May 2017    22.4    7.33   3.5          14.0    504.0           153.1      0.04       0.12        0.56

  Rainbow       26 May 2017   23.0    8.33   3.5          83.3    146.8           85.4       0.07       0.33        0.38

  Volusia       22 May 2017   22.3    7.43   3.4          39.3    183.6           23.1       0.10       2.68        1.30
  ------------------------------------------------------------------------------------------------------------------------------

![](mBio.00436-20-t0001)

NTU, nephelometric turbidity units; DO, dissolved oxygen.

Abundance of prokaryotic cells and virus-like particles (VLPs). {#s2.2}
---------------------------------------------------------------

SYBR gold staining and epifluorescence microscopy were used to determine the abundance of prokaryotic cells and VLPs in each of the spring outflow samples. These abundances were fairly consistent between Ichetucknee, Jackson, Manatee, and Rainbow Springs, with cell abundances ranging from 2.2 × 10^3^ to 5.6 × 10^3^ per milliliter of spring water and VLP counts ranging from 9.5 × 10^3^ to 2.5 × 10^4^ per milliliter of spring water ([Table 2](#tab2){ref-type="table"}). Prokaryotic and VLP abundances in Volusia Springs were an order of magnitude higher than those in the other spring sites (3.4 × 10^4^ cells ml^−1^ and 1.1 × 10^5^ VLP ml^−1^). The virus-to-prokaryote ratio (VPR) ranged between 2 and 10 in each of the springs, with an average VPR value of 5.

###### 

Concentrations of prokaryotic cells and virus-like particles in samples from each spring site as determined by SYBR gold staining and epifluorescence microscopy, and calculated virus-to-prokaryote ratios[^*a*^](#ngtab2.1){ref-type="table-fn"}

  -----------------------------------------------------------------
  Spring site   Mean (± SD) no. of\    Mean (± SD) no. of\    VPR
                cells/ml               VLP/ml                 
  ------------- ---------------------- ---------------------- -----
  Ichetucknee   2.7 (± 0.65) × 10^3^   1.9 (± 0.15) × 10^4^   6.9

  Jackson       2.2 (± 0.27) × 10^3^   2.1 (± 0.23) × 10^4^   9.7

  Manatee       3.6 (± 0.89) × 10^3^   9.5 (± 2.5) × 10^3^    2.6

  Rainbow       5.6 (± 1.7) × 10^3^    2.5 (± 0.37) × 10^4^   4.6

  Volusia       3.4 (± 0.99) × 10^4^   1.1 (± 0.28) × 10^5^   3.2
  -----------------------------------------------------------------

![](mBio.00436-20-t0002)

VLP, virus-like particles; VPR, calculated virus-to-prokaryote ratio.

Prokaryotic community composition. {#s2.3}
----------------------------------

Approximately 700,000 paired-end 16S rRNA gene amplicon reads were obtained from the spring sites, resulting in the identification of 8,230 [a]{.ul}mplicon [s]{.ul}equence [v]{.ul}ariants (ASVs). The majority of these ASVs (7,327) were found in only a single spring site ([Fig. 2A](#fig2){ref-type="fig"}). Roughly 10% of the ASVs were found in multiple spring sites, with 567 ASVs found in two spring sites, 164 ASVs found in three, 60 ASVs found in four, and only 24 ASVs found at all five ([Fig. 2A](#fig2){ref-type="fig"}). Volusia Springs had the lowest number of ASVs shared with any other spring site, and Ichetucknee, Jackson, and Rainbow Springs shared the most ASVs ([Fig. 2A](#fig2){ref-type="fig"}). The shared ASVs comprised only 3% to 6% of the sequences from Ichetucknee and Jackson Springs and 19% to 28% of the sequences from Manatee, Rainbow, and Volusia Springs. A nonmetric multidimensional scaling (NMDS) plot based on the Bray-Curtis dissimilarity of the relative abundances of ASVs in each spring showed clear grouping based on spring site (permutational multivariate analysis of variance \[PERMANOVA\], *P* = 0.002), with biological replicates clustering tightly together ([Fig. 2B](#fig2){ref-type="fig"}). The statistically significant physiochemical parameters mapped onto the NMDS were phosphate, nitrite, and ammonium ([Fig. 2B](#fig2){ref-type="fig"}).

![(A) Venn diagram depicting the distribution of ASVs among springs. (B) NMDS plot showing the similarity of the 16S rRNA gene community structures of each spring site, based on a Bray-Curtis dissimilarity matrix. Biological replicates of each spring are represented by points of identical colors and shapes. The ordinal ellipses represent the 95% confidence interval of the standard error. The arrows represent physiochemical parameters significantly (*P* \< 0.05) correlating with the ordination of the communities. The direction of each arrow indicates direction, and the length denotes magnitude of influence.](mBio.00436-20-f0002){#fig2}

Taxonomic assignments of the ASVs based on the SILVA database demonstrated that *Bacteria* dominated the prokaryotic community of the springs, accounting for \>95% of the 16S rRNA gene sequences from each site. The 24 ASVs shared between all five spring sites belonged to members of the phyla *Proteobacteria*, *Cyanobacteria*, *Verrucomicrobia*, and *Bacteroidetes*. Notably, ASVs representing these four phyla and *Planctomycetes* composed between 89% and 95% of the total reads from each spring ([Fig. 3A](#fig3){ref-type="fig"}). The 25 most abundant phyla composed \>99% of the total sequences from each spring ([Fig. 3A](#fig3){ref-type="fig"}).

![(A) Heat map representing the percentages of 16S rRNA gene sequences in each spring belonging to the 25 most abundant phyla. Dark orange indicates a higher percentage of sequence abundance, and white represents the absence of the phylum. (B) Stacked bar chart representing the 10 most abundant families in each spring site. The spotted pattern indicates that the family was in the top 10 most abundant families in all five springs, vertical stripes indicate that it was in the 10 most abundant families in 4 springs, and horizontal stripes indicate that it was in the 10 most abundant families in 3 springs.](mBio.00436-20-f0003){#fig3}

Although not all ASVs were classified to the family or species level due to database limitations, some trends became apparent in looking at taxonomic resolution finer than phyla. Each spring was dominated by a different family, with *Phormidiaceae* (26%) being the most abundant family in Ichetucknee Springs, *Microcystaceae* (10.5%) in Jackson Springs, *Pseudomonadaceae* (20%) in Manatee Springs, *Sphingomonadaceae* (9%) in Rainbow Springs, and *Methylomonaceae* (13%) in Volusia Springs ([Fig. 3B](#fig3){ref-type="fig"}). Of the top 10 most abundant families at each spring site, only two families (*Sphingomonadaceae* and *Burkholderiaceae*) were common to all sites ([Fig. 3B](#fig3){ref-type="fig"}). Six other families (*Pseudomonadaceae*, *Caulobacteraceae*, *Chitinophagaceae*, *Hydrogenophilaceae*, *Rhodobacteraceae*, and *Moraxellaceae*) were among the top 10 most abundant families of three or four spring sites ([Fig. 3B](#fig3){ref-type="fig"}). *Pseudomonadaceae*, *Moraxellaceae*, and *Caulobacteraceae* were the *Proteobacteria* families that appeared most often in the shared ASVs among all sites, accounting for 1.5% to 7.5% of the 24 shared ASV sequences.

Archaea represented a small portion of the springs' prokaryotic communities, at only 0.2% to 4.7% of the 16S rRNA gene sequences. Manatee and Volusia Springs had the highest proportions of archaeal sequences, accounting for 4.7% and 1.6% of the total 16S rRNA gene sequences from each spring, respectively. Thaumarchaeota was the dominant archaeal phylum in both Manatee and Volusia Springs, representing 3.6% and 1.6% of the 16S rRNA gene sequences, respectively ([Fig. 3A](#fig3){ref-type="fig"}). In contrast, archaeal sequences comprised less than 0.5% of the 16S rRNA gene sequences recovered from the other three spring sites.

Viral community composition. {#s2.4}
----------------------------

Assembled contigs from our viral metagenomes were curated by size (removal of contigs \<1 kb) and through a series of BLAST analyses to increase our confidence of their viral origin (see Materials and Methods). Viral community structure was assessed by comparing the coverage of the raw reads from each spring to the curated viral contigs. Of 55,254 contigs, only 53 were identified in all five spring sites (based on the presence of reads covering 75% of the contig) ([Fig. 4A](#fig4){ref-type="fig"}). The majority of the shared contigs represented double-stranded DNA (dsDNA) tailed phage (*n* = 40) belonging to the order *Caudovirales*. The remainder of the contigs found at all five spring sites were most similar to those associated with single-stranded DNA (ssDNA) viruses, specifically, eukaryotic circular Rep-encoding single-stranded DNA (CRESS DNA) viruses (*n* = 11), and phage belonging to the family *Microviridae* (*n* = 2) ([@B27]). The viral communities were compared between springs using an NMDS plot with Bray-Curtis dissimilarity based on contig coverage (i.e., the normalized number of raw reads mapping back to the curated viral contigs). A PERMANOVA confirmed that there were significant differences (*P* = 0.002) among the viral assemblages from the different spring sites based on the curated contigs, though there is overlap of the 95% confidence intervals of Ichetucknee, Jackson and Rainbow Springs ([Fig. 4B](#fig4){ref-type="fig"}). It should be noted that Ichetucknee Springs was represented by only two replicates, as one sample was lost during processing.

![(A) Venn diagram depicting the distribution of curated viral contigs among springs. (B) NMDS plot showing the similarity of viral community structures of each spring site based on a Bray-Curtis dissimilarity matrix of the relative abundances of viral contigs measured by read coverage normalized by contig length and library size. Biological replicates of each spring are represented by points of identical shapes and colors. The ordinal ellipses represent the 95% confidence interval of the standard error. The arrows represent physiochemical parameters significantly (*P* \< 0.05) correlating with the ordination of the communities. The direction of each arrow indicates direction, and length denotes magnitude of influence.](mBio.00436-20-f0004){#fig4}

The vast majority (\>90%) of the contigs were more similar to sequences found in the Integrated Microbial Genomes/Virus (IMG/VR) database (containing ∼700,000 metagenomic viral contigs) than to sequences in the NCBI RefSeq viral database (containing ∼10,000 curated representative complete viral genomes). In addition, BLASTx comparison of the curated viral contigs against the IMG/VR database revealed that roughly half of the contigs (42% to 62%) from each spring were similar to sequences previously found in aquatic environments ([Fig. 5](#fig5){ref-type="fig"}). Between 15% and 30% of the sequences of the contigs from each spring site were similar to sequences originating from freshwater environments ([Fig. 5](#fig5){ref-type="fig"}).

![Stacked bar plot showing the ecosystem types represented by the sequences in the IMG/VR database that most closely matched the curated viral contig sequences from the springs. Shades of blue represent aquatic ecosystems.](mBio.00436-20-f0005){#fig5}

Since environmental virome sequences in the IMG/VR database are uncharacterized, the nucleic acid type (ssDNA versus dsDNA) and host type (prokaryotic or eukaryotic) could be assigned only for curated viral contigs that had significant (E value ≤ 10^−10^) BLASTx similarities to contigs in the NCBI RefSeq viral database. Between 28% and 73% of the contigs from each site had significant matches (E value ≤ 10^−10^) to those in the NCBI Refseq viral database. With the exception of Ichetucknee Springs, all of the springs were dominated by dsDNA viruses (\>82% of the sequences that mapped to viral contigs), with prokaryotic dsDNA viruses belonging to the order *Caudovirales* comprising \>57% of the sequences that mapped to viral contigs ([Fig. 6](#fig6){ref-type="fig"}). In contrast, Ichetucknee Springs was dominated by CRESS DNA viruses ([@B27]).

![Stacked bar plot of the relative abundances of reads most similar to ssDNA (green) versus dsDNA (blue) eukaryotic viruses (light colors) and prokaryotic viruses (dark colors) in each spring based on best BLASTx hit to the NCBI RefSeq virus database. Relative abundance was estimated through read coverage normalized by contig length and library size. Unassigned viruses were manually curated, and any contigs that could not be assigned to one of the four categories were excluded from analysis. Excluded contigs comprised \<1% of the total contigs analyzed for each spring.](mBio.00436-20-f0006){#fig6}

A total of 58 complete circular viral genomes and 3 satellites (circular sequences encoding a Rep similar to those encoded by ssDNA viral genomes but with no discernible capsid protein) were identified and annotated using a combination of the Cenote-taker2 Pipeline and manual screening of the resulting circular contigs ([@B28]). The viral genomes ranged in size from a 1.6-kb eukaryotic CRESS DNA virus found in Manatee Springs to a 90-kb prokaryotic dsDNA myovirus recovered from Jackson Springs (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). The pipeline identified 20 members of the dsDNA phage order *Caudovirales*. However, the majority of the complete genomes belonged to ssDNA viruses (*n* = 38). Fifteen complete genomes of ssDNA phage were identified, including 14 genomes representing members of the family *Microviridae* and one genome from the *Inoviridae* ([Table S1](#tabS1){ref-type="supplementary-material"}). The remainder of the complete ssDNA genomes represented CRESS DNA viruses. No single complete viral genome was shared among all five springs ([Fig. 7](#fig7){ref-type="fig"}). Despite the fact that the springs' viral communities were largely unique, two genomes (a podovirus and CRESS DNA virus) and one satellite were shared between four of the five spring sites ([Fig. 8](#fig8){ref-type="fig"}). Interestingly, the CRESS DNA virus (CRESS DNA virus sp. Ctin 15) is most similar to members of the *Bacilladnaviridae* family and shares key features with members of this family, including four major open reading frames (ORFs) arranged on both virion and complementary genome strands ([@B29]). Based on BLASTx matches to the Rep, CRESS DNA virus sp. Ctin 15 shares 54.64% amino acid identity with *Bacilladnavirus* sp. isolate ctcc592 (GenBank accession number [MH617605.1](https://www.ncbi.nlm.nih.gov/nuccore/MH617605.1)).

![Heat maps showing the relative abundance of each complete circular viral genome (calculated as read coverage normalized by genome length and library size). Each row represents one viral genome with 20 dsDNA circular virus genomes on the bottom half of the map and 38 ssDNA circular genomes (including the 3 satellites) on the top. White represents absence of the genome.](mBio.00436-20-f0007){#fig7}

![Genome maps of the two viruses (A and B) and one satellite (C) found in four of five spring sites. The graph in the center of each map represents normalized read coverage from each spring site. nts, nucleotides.](mBio.00436-20-f0008){#fig8}
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List of complete viral genome names, Genbank accession numbers, taxonomic assignments, and genome lengths. Download Table S1, DOCX file, 0.02 MB.
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DISCUSSION {#s3}
==========

Prokaryotic cell and viral abundances relative to spring physiochemical characteristics. {#s3.1}
----------------------------------------------------------------------------------------

Averages of 9.6 × 10^3^ prokaryotic cells and 3.4 × 10^4^ VLPs per milliliter of water were present in the samples from the Ichetucknee, Jackson, Manatee, and Rainbow Springs. However, the abundance of both groups was approximately an order of magnitude higher in the samples from Volusia Springs. Prior studies in groundwater systems have revealed cellular abundances ranging from 10^3^ to 10^5^ ml^−1^ and viral abundances of 10^4^ to 10^7^ ml^−1^ ([@B21], [@B30][@B31][@B34]). Both the bacterial and viral counts from the springs fall in the lower range of reported abundance values from other groundwater systems. The average VPR of the springs sites (value = 5) was consistent with the mean VPR of other groundwater studies (5.9) and lower than the mean VPR of the more commonly studied marine pelagic and freshwater pelagic environments (26.5 and 17.2, respectively) ([@B35]). Due to the oligotrophic nature of aquifers, the low VPR in the springs may indicate low viral production and/or the prevalence of the lysogenic infection cycle, though further research is needed to examine this ([@B36][@B37][@B39]).

Physiochemical parameters were examined for each spring to provide potential explanations for the variation in cell and viral abundances. Notably, Volusia Springs had a much higher phosphate concentration (more than double) than any other spring, which possibly contributed to the higher prokaryotic and VLP counts in this spring site ([Tables 1](#tab1){ref-type="table"} and [2](#tab2){ref-type="table"}). Nitrate concentrations varied by spring, with Volusia Springs having the lowest and Jackson Springs having the highest (23.1 μM and 230.9 μM, respectively). To put this into context, groundwater nitrate concentrations are usually around 30 μM and shallow groundwater with agricultural influence has been reported to have concentrations as high as 161 μM in the United States ([@B40]). Previous measurements of nitrate concentrations in Florida's springs specifically have ranged between 0.81 and 67.74 μM ([@B8]). Therefore, Jackson Springs is affected by unusually high nitrate loading. Variations in nutrient concentrations might be attributable to differences in land usage around the springs. Jackson Springs, with the highest concentrations of nitrate, nitrite, and ammonium, has a springshed largely comprised of forests and agricultural land, while Volusia Springs, with the highest phosphate concentration, has the most urbanized springshed ([Fig. 1](#fig1){ref-type="fig"}). However, note that although Jackson and Manatee Springs had seemingly similar land usage profiles ([Fig. 1](#fig1){ref-type="fig"}), the physicochemical parameters ([Table 1](#tab1){ref-type="table"}) and prokaryotic communities ([Fig. 2B](#fig2){ref-type="fig"}) were distinct between these two sites. Delving into the subcategories within the broader agricultural use category, we found that row crop growth contributed to over 60% of the agricultural land usage around Jackson and only 37% of that around Manatee. The growth of row crops requires more fertilizer use than other agricultural activities (e.g., maintenance of livestock and tree farms), which may explain the differences in nutrient levels between the two springs.

Prokaryotic community composition. {#s3.2}
----------------------------------

Differences in nutrient concentrations could contribute to or result from differences in the prokaryotic communities of each spring. The low number of shared ASVs and the results of the ASV NMDS analysis suggest that each spring harbors a unique prokaryotic community ([Fig. 2](#fig2){ref-type="fig"}). The nitrite and ammonium levels of Jackson and Volusia Springs were elevated in comparison to those of the other springs, seemingly driving the divergence of their prokaryotic communities from the communities seen at other three sites ([Fig. 2B](#fig2){ref-type="fig"}). However, of the physiochemical parameters mapping to the NMDS, phosphate was the only one elevated in only Volusia Springs, and the direction of the arrow on the plot ([Fig. 2B](#fig2){ref-type="fig"}) suggests that it is driving the divergence of Volusia's prokaryotic community. On the other hand, the nitrate concentration, which was elevated in Jackson Springs, did not significantly influence the clustering of prokaryotic communities represented on the NMDS plot.

The relative abundances of bacterial and archaeal 16S rRNA gene sequences in the springs were similar to the abundances found in other aquifer studies, and some similar taxa have also been reported previously ([@B41][@B42][@B44]). *Proteobacteria* and *Cyanobacteria* composed a large portion of the 16S rRNA gene sequences from all of the Florida springs investigated here. While the phylum *Proteobacteria* encompasses a wide variety of bacteria capable of successfully inhabiting an extremely oligotrophic and sunless environment, such as the aquifer, *Cyanobacteria* are most commonly associated with a photosynthetic lifestyle. Although other studies have previously reported the presence of nonphotosynthesizing cyanobacteria in groundwater ([@B45]), it is possible that the sequences detected here were derived from cyanobacterial mats located in and around the springs' vents ([@B46]). However, this was an unexpected finding given that we observed mats near the vents of only two of the springs (Ichetucknee and Manatee) during sample collection.

The most abundant phyla were present in all of the springs, though there was variation regarding the relative abundances at each site. Along with the variations seen at finer taxonomic resolution, this suggests that the nutrient disparities between the springs are selecting for different taxa at each site, though parameters unaccounted for in this study, such as micronutrients, may also be playing a role. The few bacterial families shared among the springs does suggest that there might be a core microbiome being delivered through the aquifer water and that various selective pressures (i.e., nutrient inputs) shape the prokaryotic communities before they even reach the surface. Once prokaryotes from the aquifer reach the springs, it is likely that the communities continue to change as they enter the oxygen- and sunlight-rich springs, resulting in prokaryotic communities that are distinct at each site with respect to both their relative abundances and their taxonomic compositions.

Viral community composition. {#s3.3}
----------------------------

Here, we investigated the DNA viral community as a whole, including the relative abundances of dsDNA and ssDNA viruses, by using a next-generation sequencing library construction kit that directly incorporates both types of genome templates into the workflow ([@B47]). However, various steps used in the viral purification process may impose biases on the types of viruses recovered. For example, samples were filtered through a 0.2-μm-pore-size filter, which may have selectively removed large viruses, and the treatment of viral samples with chloroform may have excluded the identification of lipid-containing viruses in this study ([@B48], [@B49]). Additionally, during our processing of the viral contigs, CD-HIT-EST was used to remove redundant contigs. This program does not account for different start points in assemblies, and the contigs used in the analyses may therefore have included redundant sequences. Despite these potential limitations, the approach applied here revealed that the Florida springs investigated in this study harbor viral communities that range in composition from being almost exclusively dsDNA (Rainbow and Volusia Springs) to \>54% of raw reads mapping to ssDNA viral contigs ([Fig. 6](#fig6){ref-type="fig"}). Ichetucknee Springs was particularly interesting as it was the only spring that had a greater abundance of ssDNA viruses than dsDNA viruses. This was unexpected given that the only other study investigating aquatic viral communities using the same approach concluded that ssDNA viruses represented only a small portion (\<5%) of DNA virus communities in the marine and freshwater environments examined ([@B46]). However, the same study also suggested that additional ssDNA viral sequences could be overlooked due to database limitations and, after reanalyzing data using contig sequences that likely represented ssDNA viruses, the relative abundance of ssDNA viruses increased to more than 50% of the total viral community in samples from two freshwater lakes (Lake Michigan and Lake Superior) ([@B47]). Considering that only four complete ssDNA viral genomes were identified in Ichetucknee Springs, our study supports the idea that in some aquatic environments, a few ssDNA viruses can be among the most abundant viruses contributing to the community composition ([@B47]). These findings are also consistent with a previous study that demonstrated elevated levels of ssDNA viruses in aquifer systems ([@B22]). However, the 2013 study by Smith et al. used multiple-displacement amplification, which has a known bias toward small circular genomes such as those of ssDNA viruses, making it difficult to derive quantitative information from their sequence data ([@B22], [@B50]). Ichetucknee Springs is one of few environments reported where certain ssDNA viruses are more abundant than dsDNA viruses ([@B47]). Now that library construction methods allow quantitative recovery of ssDNA and dsDNA viruses, we anticipate that future work will identify other "hot spots" of ssDNA viruses, leading to prediction of their hosts and elucidation of the factors that contribute to their success.

The viral contigs from the springs were most closely related to sequences from environmental viromes found in the IMG/VR database, and the majority of these sequences were similar to those previously identified in aquatic environments. This finding highlights the proportion of viral sequences (27% to 72%) from each spring that would be overlooked if researchers compared the sequences only against the NCBI virus databases and emphasizes the value of custom databases composed of environmental virus sequences. However, since the environmental virome sequences in the IMG/VR database represent uncharacterized sequences, taxonomic associations could be attributed based only on similarities to the NCBI RefSeq virus database.

Almost half of the complete circular genomes were ssDNA viruses, mainly CRESS DNA viruses. Though it has been suggested previously that their small capsid size (15 to 38 nm in diameter) contributes to their elevated presence in aquifers ([@B22]), the abundance of these complete ssDNA genomes is also influenced by the fact that their small genome size increases the likelihood of complete genome assembly. Tailed phage with dsDNA genomes belonging to the order *Caudovirales* are ubiquitous in all aquatic environments examined to date, and their presence in our study is consistent with findings of other aquatic virome studies. Genomes of ssDNA phage are of interest since less is known about the geographical distribution and ecology of these phage ([@B51]). Among the ssDNA viruses detected in publicly available viromes from a variety of ecosystems, sequences similar to those of members of the *Microviridae* have been the most frequently reported, though a recent study showed that lysogenic *Inoviridae* sequences are also prevalent ([@B52][@B53][@B54]). While there is growing acknowledgment that ssDNA viruses may play an important role in aquatic environments, we still know little about their diversity and host range. Ichetucknee Springs, which was dominated by ssDNA viruses, may be an ideal ecosystem for further investigation ([@B51]).

As seen with the prokaryotic data, it is possible that some of the identified viruses originated from areas surrounding the spring vent, rather than directly from the aquifer. Notably, a CRESS DNA virus found in four of the five springs sites was found to be most similar to members of the family *Bacilladnaviridae*. Bacilladnaviruses are believed to infect diatoms and have been recovered from marine and estuarine environments ([@B29]). To our knowledge, the CRESS Ctin 15 virus species identified here represents the first bacilladnavirus identified from freshwater. Although we can only speculate with the available data, it is possible that this virus originated from benthic diatoms attached to substrate near the spring vents. Nevertheless, the detection of this novel bacilladnavirus expands the known diversity and environmental range for these CRESS DNA viruses.

Several levels of resolution were used to demonstrate distinct viral community structures among the springs. Each spring had a different composition of viral types, and the NMDS analysis of read coverage of the curated viral contigs showed statistically different viral communities in Manatee and Volusia Springs. Analysis of read coverage of the complete circular viral genomes demonstrated distinct viral community structures in all five of the springs. Additionally, only 53 contigs (partial genomes) were shared among all five springs and not a single complete genome had adequate read coverage from all five springs. The variation that we see in the viral communities may reflect the variations in their host availability, as revealed by the distinct prokaryotic communities identified in the same samples. This suggests that changes in land usage and nutrient inputs might be impacting even the smallest members of these essential ecosystems.

Concluding remarks. {#s3.4}
-------------------

The health of the Floridan aquifer and its associated springs has declined in the past few decades due to anthropogenic impacts. This study demonstrated that despite the magnitude of water coming from the FAS, each spring site has a unique prokaryotic and viral community. The differences can be attributed in part to the differing nutrient inputs, originating from differences in land usage in each springshed. This report serves to develop a baseline of the microbiology and virology of Florida's springs against which future changes, resulting from natural and/or anthropogenic factors, can be compared.

MATERIALS AND METHODS {#s4}
=====================

Sample collection. {#s4.1}
------------------

Samples were collected from five first-magnitude springs (Ichetucknee Springs \[29.98°N 82.76°W\], Jackson Springs \[30.79°N 85.14°W\], Manatee Springs \[29.50°N 82.98°W\], Rainbow Springs \[29.08°N 82.42°W\], and Volusia Springs \[28.95°N 81.31°W\]) within the FAS ([Fig. 1](#fig1){ref-type="fig"}). Sampling sites were selected based on each spring's inferred recharge zone, where each site should be independent of other spring sites sampled, and to represent a range of land use profiles ([Fig. 1](#fig1){ref-type="fig"}). Land usage data and springshed areas were obtained from the Florida Department of Environmental Protection (DEP) (<https://geodata.dep.state.fl.us/datasets/statewide-land-use-land-cover/>; <https://geodata.dep.state.fl.us/datasets/1eea00d9f3794a12bc658e77de29574f_1>).

At each site, triplicate 50-liter samples were collected for microbial analyses at locations as close to the spring vent outflow as possible using a 5-liter horizontal polyvinyl chloride (PVC) water sampler (Forestry Suppliers) and an inflatable raft in accordance with research permit 08301620 from the Florida DEP. Conductivity, temperature, pH, turbidity, and dissolved oxygen levels were measured alongside collection of water samples at each site using a YSI Pro DSS handheld multiparameter water quality meter. For chemical analyses, samples were filtered through a 0.2-μm-pore-size Anotop filter (Millipore) and the filtrates were collected into acid-washed Falcon tubes. The samples were stored at --20°C until analysis was performed with a Lachat QuickChem 8500 Series 2 system for determination of nitrate, nitrite, ammonium, and phosphate concentrations. Additionally, triplicate 100-ml water samples were collected for quantifying prokaryotic and viral abundance. All field sampling occurred between May and June 2017, and samples were taken to the laboratory within 8 h of collection for processing.

Prokaryotic and viral abundances. {#s4.2}
---------------------------------

Bacterial and viral abundances were determined via SYBR gold staining and epifluorescence microscopy ([@B55]). For this purpose, triplicate samples from each spring were fixed with paraformaldehyde (2% final concentration) and 100-ml volumes were filtered onto 0.02-μm-pore-size Anodisc filters (Whatman). Filters were stained using 100 μl of 100× Invitrogen SYBR gold solution (Thermo Fisher) for 12 min and set on 100 μl of MilliQ water (filtered with a 0.02-μm-pore-size filter) to remove excess stain. After blotting on a Kimwipe, filters were mounted on slides with an antifade solution of 50:50 phosphate-buffered saline (PBS)/glycerin and 10% p-phenylenediamine. Bacteria and viruses were then enumerated (10 fields per replicate) using a Zeiss Axio Scope.A1 epifluorescence microscope and Media Cybernetics Image-Pro software ([@B56]).

Processing of water samples for sequencing. {#s4.3}
-------------------------------------------

Prokaryotic cells and virus particles were concentrated from the 50-liter water samples using a 30-kDa tangential flow filter (TFF) (GE Healthcare), resulting in a final volume of 150 to 200 ml ([@B57], [@B58]). The concentrates were then filtered through a 0.22-μm-pore-size Sterivex filter (Millipore) to capture prokaryotic cells, and these filters were stored at --80°C until DNA extraction. Viral particles were further concentrated from filtrate obtained from the 0.22-μm-pore-size filter by incubation overnight at 4°C with 10% (wt/vol) polyethylene glycol (PEG) 8000. The PEG samples were then centrifuged at 11,000 × *g* for 45 min at 4°C to pellet the viral particles, which were subsequently resuspended in 1-ml volumes of water (filtered with a 0.02-μm-pore-size filter) from their respective sampling sites. The resuspended viral particles were further purified by treating the samples with 20% chloroform to lyse any remaining cells or vesicles ([@B59]) and were then incubated for 30 min at 37°C with 10 U DNase I (Thermo Fisher) per milliliter of sample to degrade free DNA. Purified virus particles were stored at 4°C until further processing was performed.

16S rRNA gene amplicon sequencing and bioinformatics. {#s4.4}
-----------------------------------------------------

DNA was extracted from 0.22-μm-pore-size Sterivex filters by opening the cartridge using crab leg crackers and removing the membrane filter with tweezers and sterile razor blades. DNA extractions were performed using a PowerSoil DNA isolation kit (MoBio) following the manufacturer's protocol. The extracted DNA was submitted to the Michigan State University Research Technology Support Genomics Core Facility for amplicon library preparation and Illumina sequencing of the V4 hypervariable region of the 16S rRNA gene using primers 16S-V4 515f ([@B60]) and 806r ([@B61]). These primers amplify both Bacteria and Archaea, though recent studies have shown that universal prokaryotic primers do miss some Archaea and members of Candidate Phyla Radiation ([@B62], [@B63]). The 16S-V4 PCR products from each sample were batch normalized using SequalPrep DNA normalization plates (Invitrogen), and samples in a dually indexed pool were paired-end sequenced (2 by 250 bp) on an Illumina MiSeq Nano v2 system (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material for rarefaction curves). Sequences are available at the NCBI Sequence Read Archive database (study number [PRJNA541276](https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA541276), accession numbers [SAMN11581363](https://www.ncbi.nlm.nih.gov/biosample/SAMN11581363) to [SAMN11581377](https://www.ncbi.nlm.nih.gov/biosample/SAMN11581377)).
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Rarefaction curve for the 16S rRNA gene sequences. The first letter denotes the spring site (I, Ichetucknee; J, Jackson; M, Manatee; R, Rainbow; V, Volusia). The second letter (a to c) represents the replicate. Replicates of each spring are the same color. Download FIG S1, PDF file, 0.7 MB.
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Approximately 700,000 paired-end reads from 16S rRNA gene amplicons were processed using bioinformatic applications available in CyVerse cyberinfrastructure and R with RStudio version 1.0.153 ([@B64][@B65][@B66]). Initially, each replicate sample was processed individually, although triplicates from each spring were subsequently combined for taxonomic assignments. Primers and adapters were removed from sequences, and reads were filtered based on quality scores using Trimmomatic v 0.36.0 ([@B67]). FastQC v 0.11.5 was used to verify that sequences were trimmed successfully ([@B68]). Trimmed sequences were then processed using the Divisive Amplicon Denoising Algorithm (*DADA2*) package v 1.6.0 in RStudio ([@B69]), which uses a modeling approach to correct Illumina sequencing amplicon errors. After controlling for sequencing errors was performed, the *DADA2* package merged paired-end reads and removed chimeric sequences, outputting [a]{.ul}mplicon [s]{.ul}equence [v]{.ul}ariants (ASVs). The ASVs were then compared against the SILVA v 132 rRNA database for taxonomic assignments (default bootstrapping value of 50) ([@B70]), and the data were normalized based on library size using the *DESeq2* v 1.18.1 package in RStudio ([@B71]). Non-prokaryotic and plastid signatures identified by the SILVA database were manually removed from the data set before analysis.

Statistical analyses were carried out in RStudio to compare the compositions of the prokaryotic communities from all spring sites. The metaMDS and envfit functions in *vegan* v 2.3-1 were used to create a nonmetric, multidimensional scaling (NMDS) plot based on a Bray-Curtis dissimilarity matrix comparing the community structures of all springs and to map the significantly correlated environmental parameters, respectively ([@B72]). The adonis function was then used to calculate a Bray-Curtis distance matrix and apply permutational multivariate analysis of variance (PERMANOVA) to determine whether the biological replicates clustered significantly according to the spring of origin. The replicates were then merged using the merge.samples function within the *phyloseq* v 1.22.3 package, the most abundant 25 phyla across all five sites were ranked, and a heat map was constructed using *superheat* package v 1.0.0 ([@B73], [@B74]).

Virome sequencing and bioinformatics. {#s4.5}
-------------------------------------

Viral DNA was extracted from 200 μl of concentrated and purified virus particles using a QIAamp MinElute virus spin kit (Qiagen). The extracted viral DNA was fragmented to 300 bp at the H. Lee Moffitt Cancer Center & Research Institute Molecular Genomics Core Facility using a Covaris M220 instrument. Fragmented DNA samples were processed with an Accel-NGS 1S Plus DNA library kit for Illumina platforms (Swift Biosciences) following the manufacturer's protocol and using 20 cycles of indexing PCR. This kit was chosen based on its ability to recover both single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA) viruses without the need for preamplification, enabling comparison of their relative abundances in environmental samples ([@B47]). The dually indexed sequencing libraries were sent to the University of Colorado BioFrontiers Next-Gen Sequencing Core Facility for pooling and paired-end sequencing using a high output V2 kit (300 cycles, 2 by 150 bp) on a NextSeq 500 platform. Raw virome sequences are available at the NCBI Sequence Read Archive database (study number [PRJNA540674](https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA540674); accession numbers [SAMN11552880](https://www.ncbi.nlm.nih.gov/biosample/SAMN11552880) to [SAMN11552894](https://www.ncbi.nlm.nih.gov/biosample/SAMN11552894)).

Virome paired-end reads were processed using bioinformatic applications available through the CyVerse cyberinfrastructure ([@B64]). The adapters were trimmed from sequences, and low-quality reads were removed using Trimmomatic v 0.36.0 ([@B67]). FastQC v 0.11.5 was used to verify successful trimming of sequences ([@B68]). Sequences from each replicate were assembled separately using metaSPAdes v 3.11.1 with default parameters ([@B75]) through the University of South Florida high-performance computing cluster. Assembled contigs were then filtered by size on the Galaxy Web-based platform ([@B76]), and contigs from each replicate were merged according to spring site. The contigs sharing \>95% identity in each merged file were clustered using CD-HIT-EST ([@B77][@B78][@B79]). Contigs were then compared (BLASTx v 2.7.1; E value of \<10^−10^) against a custom viral database ([@B80]). The custom viral database was built using the Create BLAST database application on CyVerse ([@B64], [@B81]) with sequences from the NCBI RefSeq viral database (release 87, March 2018) and IMG/VR metagenomic viral contigs (mVCs) (released January 2018). Note that IMG/VR includes predicted viral sequences from metagenomic studies that are not found in RefSeq ([@B77]). BLAST results were viewed using MEGAN v 6.13.1 ([@B82]), and only contigs with significant matches to sequences in the custom viral database were retained. These contigs were then subjected to a secondary curation procedure to identify and remove sequences with significant hits to cellular organisms via megaBLASTn searches (E value of \<10^−7^) against the GenBank nt database. Before elimination of contigs with matches to cellular organisms, these sequences were screened through the VirSorter v 1.0.3 application on CyVerse, which is designed to predict integrated viral sequences from cellular genomes ([@B83]). Contig sequences that were matched to cellular organisms based on megaBLASTn results but that were predicted to be viral by VirSorter (categories 1 to 6) were added back to the list of curated viral contigs obtained from each of the spring sites ([Fig. S2](#figS2){ref-type="supplementary-material"}). Curated viral contigs were compared (BLASTx v 2.7.1; E value of \<10^−10^) against the NCBI RefSeq viral database and the IMG/VR database to identify the viruses and ecosystem types, respectively, to which the spring sequences were most similar. For taxonomic assignment, BLASTx results from the NCBI RefSeq viral database were viewed in MEGAN v 6.13.1 ([@B82]) and the contigs for which an assignment was possible were manually divided into four categories (ssDNA eukaryotic viruses, ssDNA prokaryotic viruses, dsDNA eukaryotic viruses, and dsDNA prokaryotic viruses). Curated viral contigs are available at <https://figshare.com/articles/Supplemental_Files_for_Malki_et_al_mBio/11900055>.

10.1128/mBio.00436-20.2

Flow chart depicting the processing of viral contigs. The percentages of initial (≥200-bp) contigs remaining after each step are listed. (Step 1) The (≥200-bp) contigs are filtered by size (≥1 kb) and put through CD-HIT-EST for (95%) dereplication. (Step 2) Contigs are compared by BLASTx against the RefSeq/IMG/VR database. (Step 3) After BLASTn, the contigs are compared to entries in the nr database. (Step 4a) Contigs with no cellular hits in the nr database are moved to a final contigs file. (Step 4b) Contigs with cellular hits to the nr database are put through VirSorter. (Step 5) Contigs classified as viral by VirSorter (categories 1 to 6) are moved into the final contigs file. Curated viral contigs are available at <https://figshare.com/articles/Supplemental_Files_for_Malki_et_al_mBio/11900055>. Download FIG S2, PDF file, 0.5 MB.
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Viral communities from each spring were compared based on the abundance of trimmed forward reads mapping to each of the curated viral contigs using the Bowtiebatch v 1.0.1 and Read2RefMapper v 1.0.1 applications as suggested in the iVirus pipeline ([@B84]). Reads were mapped with a minimum of 90% identity, and contigs were considered present only if reads mapped to at least 75% of the contig length. The number of reads mapping to a given contig was normalized by contig length and library size. Normalized values were used to create an NMDS plot based on a Bray-Curtis dissimilarity matrix for each spring site using the metaMDS function in *vegan* v 2.3-1 ([@B72]). The adonis function was then used to calculate the PERMANOVA data using the biological replicates from each spring. It should be noted that Ichetucknee Springs had only two replicates because one sample was lost during processing. To assess the abundance of each viral type in each spring, read mapping was also performed in the same manner for contigs that were divided into the four viral categories (ssDNA eukaryotic, ssDNA prokaryotic, dsDNA eukaryotic, and dsDNA prokaryotic contigs). Values were used to create a stacked bar plot in R using the ggplot2 package representing the percentage of raw reads within each spring assigned to each virus type, normalizing by contig length and dividing the normalized numbers of reads mapping to dsDNA viruses by 2 to account for the fact that dsDNA templates were present at twice the concentration of ssDNA templates ([@B47]).

Identification and annotation of complete circular viral genomes. {#s4.6}
-----------------------------------------------------------------

The Cenote-taker-2 Pipeline ([@B28]) (still in alpha testing) (<https://github.com/mtisza1/Cenote-Taker2>) was used to identify circular sequences within the curated viral contigs that likely represent complete viral genomes. Circular contigs were considered complete genomes if they fell within the size range of the viral families as defined by the International Committee on the Taxonomy of Viruses (ICTV) and were screened manually to ensure that they contained the hallmark genes of their respective families. Following the methods outlined above, read mapping was used to compare the distributions and abundances of these genomes in the springs. The complete genomes were separated by genome type, namely, ssDNA or dsDNA, and after averaging of the values from replicate samples from each spring was performed, a heat map was created using the *superheat* v 1.0.0 package ([@B73], [@B74]). The complete viral genomes have been submitted to GenBank under accession numbers [MN582052](https://www.ncbi.nlm.nih.gov/nuccore/MN582052) to [MN582112](https://www.ncbi.nlm.nih.gov/nuccore/MN582112).

Data availability. {#s4.7}
------------------

Prokaryotic 16S rRNA gene sequences are available at the NCBI Sequence Read Archive database (study number [PRJNA541276](https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA541276), accession numbers [SAMN11581363](https://www.ncbi.nlm.nih.gov/biosample/SAMN11581363) to [SAMN11581377](https://www.ncbi.nlm.nih.gov/biosample/SAMN11581377)). Raw virome sequences are available at the NCBI Sequence Read Archive database (study number [PRJNA540674](https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA540674), accession numbers [SAMN11552880](https://www.ncbi.nlm.nih.gov/biosample/SAMN11552880) to [SAMN11552894](https://www.ncbi.nlm.nih.gov/biosample/SAMN11552894)). The complete viral genomes have been submitted to GenBank under accession numbers [MN582052](https://www.ncbi.nlm.nih.gov/nuccore/MN582052) to [MN582112](https://www.ncbi.nlm.nih.gov/nuccore/MN582112). Curated viral contigs are available at <https://figshare.com/articles/Supplemental_Files_for_Malki_et_al_mBio/11900055>. The complete list of complete viral genome names, Genbank accession numbers, taxonomic assignments, and genome lengths is available in [Table S1](#tabS1){ref-type="supplementary-material"}.
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